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The Dynamic Spatial Reconstructor is a unique high
speed volume imaging X.ray scanner based on computed
tomographic principles. It has several potentiai advan-
tages over conventional angiographic methods, including
reduced invasion, reduced rate of false negative results
and increased accuracy of measurements of structure
and function. To evaluate the utility of the Dynamic
Spatial Reconstructor in the investigation of congenital
heart disease, scanning was performed in several pedia-
The Dynamic Spatial Reconstructor is potentially a powerful
new method for evaluating the anatomy and function of the
heart and intrathoracic vessels. Most Dynamic Spatial Re-
constructor scans involve minimal invasion in that much
information can be obtained from a single bolus injection
of contrast agent into the systemic venous side of the cir-
culation. In this report, we illustrate this capability with
DSR image data acquired during a single scan in several
children with congenital pulmonary valve atresia.
Two questions are addressed in this ongoing study. 1)
How well can malformations of the cardiac chambers and
major vessels be detected with the Dynamic Spatial Recon-
structor relative to the conventional cineangiographic tech-
nique? 2) How well can malformations of the cardiac cham-
bers and major vessels be detected with the Dynamic Spatial
Reconstructor using venous injection compared with more
selective injections?
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tric patients with pulmonary valve atresia. Early results
show that three·dimensional images of the cardiac cham·
bers and intrathoracic vessels can be acquired and dis·
played with the system. All the information necessary
for quantitative analysis of the pulmonary arteries can
be obtained with a single scan involving injection of 0.6
to 2.0 cc/kg of contrast agent and radiation exposure of
0.54 to 0.95 rad/s over 5 to 8 seconds.
(J Am Coil CardioI1985;5:70S-6S)
Methods
The Dynamic Spatial Reconstructor scanner. The
Dynamic Spatial Reconstructor, which has been used to
study patients since early 1981 (1-5), is a high speed, X-
ray computed tomographic system (Fig. I). It differs from
commercially available computed tomographic scanners as
follows. 1) It scans a volume (21.5 cm in axial height and
21,5 to 39.0 cm in transaxial diameter) with spatial reso-
lution essentially equal in axial and transaxial directions (6);
2) It scans this volume in 0.011 second so that cardiogenic,
respiratory and body motions result in little blurring of the
image data. This is particularly important for pediatric stud-
ies; 3) It repeats the scan of this volume 60 times/s over a
programmable period of as long as 20 seconds. This is
important for evaluation of cardiac chamber dynamics, wall
motion and timing of the passage of the bolus of roentgen
contrast agent.
The patient scan. The patients were prepared for Dy-
namic Spatial Reconstructor scans in a conventional cardiac
catheterization laboratory that is adjacent to the scanning
room (Fig. 2). The patients were sedated either with intra-
venous ketamine (2 mg/kg) or a combination of meperidine
(4 mg/kg), phenergan (1 mg/kg) and thorazine (1 mg/kg)
and then positioned in the fluoroscopic system. Under flu-
oroscopic guidance, an intravenous catheter was positioned
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Figure 1. Elevation view of Dynamic Spatial Reconstructor (DSR)
showing its components and their relation to the imaging system
and the patient. A = patient; B = carbon filament tabletop; C
and C' = outer and inner patient table pedestals with remote
control positioning capability; D = carbon filament cylinder en-
compassing volume to be scanned; E = fluorescent screen; F =
imaging isocon image chain; G = electronics package for image
chain; H = positive 60 kV bus; I = high voltage (- 60 kV)
modulator for switching of X-ray tube grid; J = X-ray tube; K
= isolation transformer; L = high voltage (+ and - 60 kV.
1,000 rnA DC) slip ring assembly; M = low voltage (240 volt
and logic) slip ring assembly; N = angle encoder; 0 = motor
for rotating gantry; P = bearing from which structure to the left
is cantilevered; Q = aluminum cylindrical tunnel to isolate patient
from Dynamic Spatial Reconstructor gantry; and R = adjustable
counterweights for balance. (Reprinted with permission from Kin-
sey JH, et al. In: Heintzen PH, Brennecke R, eds. Digital Imaging
in Cardiovascular Radiology. Stuttgart. New York: Georg Thieme
Verlag. 1983:41-56.)
for the purpose of injecting radiopaque contrast agent. In-
jection sites in the patients discussed in this report were into
the right ventricular outflow tract conduit to the pulmonary
arteries, right atrium and vena cava.
The top of the fluoroscopic table is the Dynamic Spatial
Reconstructor tabletop so that the patient could remain un-
disturbed during transfer into the Dynamic Spatial Recon-
structor scanning room. The scanning table was then slid
into the scanning tunnel with the patient entering feet first.
Using a fluoroscopic mode of Dynamic Spatial Reconstruc-
tor operation, the table was positioned so that the patient's
heart was in the center of all the X-ray projection images.
In accord with the objectives of the research protocols,
two or three scans were then performed, each 5 to 8 seconds
in duration. Each injection consisted of 0.6 to 2.0 cc/kg
contrast agent Renografin-76. The radiation exposure varied
depending on body weight; for five pediatric patients weigh-
ing 18.5 to 39.0 kg, the exposure to the sternum (measured
with thermoluminescent detectors) was 0.54 to 0.95 rad/s.
Exposure to the eye ranged from 3 to 9 mrads/s and to the
gonads approximately I rnradls.
Reconstruction of image data. After the scans were
completed, image reconstruction was performed using a
ModComp CLASSIC computer interfaced to a floating point
array processor (7). The reconstruction variables were se-
lected in accordance with the desired measurements. Thus,
if the entire pulmonary vascular tree were to be visualized,
the full axial and transaxial extent of the chest would be
reconstructed; if the heart or pulmonary artery confluence
was of prime interest, only those limited regions would be
reconstructed. Second, if only anatomic structure were of
interest, then the scan data from as long a period of time
as movement of the structure allowed would be used to
make a single reconstruction. If motion of a structure or of
a bolus of dye was of primary interest, then several volumes
would be reconstructed at selected intervals of time through-
out a cardiac cycle or throughout the passage of a bolus of
contrast agent.
The great flexibility of this retrospective formatting of
the reconstructed image data is a powerful attribute of the
Dynamic Spatial Reconstructor system. For the purpose of
this particular application, we generally reconstructed vol-
ume images with cubic voxel (volume picture element) di-
mensions approximately I mm on a side for the heart or
proximal pulmonary arteries and approximately 2 mm on a
side for the entire lung. Each reconstructed volume would
incorporate scan data recorded over 0.061 or 0.123 second.
In some instances, these volume images were retrospec-
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Figure 2. The Dynamic Spatial Reconstructor gantry and related
electronics and power supplies are housed in a lead-lined controlled
access area (upper panel). The cardiac catheterization laboratory
is equipped with a video fluoroscopic imaging system and facilities
for placement of intracardiac catheters and recording of hemo-
dynamic and electrocardiographic signals (lower panel). The pa-
tient, once catheterized, is transported to the Dynamic Spatial
Reconstructor (middle panel) on the tabletop used in the cathe-
terization laboratory. (Reprinted with permission from Ritman EL.
In: Belloli GP, Squarcia U, eds. Pediatric Cardiology and Car-
diosurgery. Basel: Karger Mod Probl Paediat 1983;22:38-47.)
tively generated at the same phase of the cardiac cycle over
several sequential cardiac cycles and added to make a single
"gated" volume image. The speed of the reconstruction
process depends somewhat on the amount of scan data used
to make a reconstruction image, but in these studies, a single
cross section from 0.011 second of data required approxi-
mately 2 seconds, and consequently a volume image in-
volving 120 parallel slices (each 1 to 2 mm thick) would
require 2 minutes per reconstruction. A major delay in the
reconstruction process is caused by the process of writing
the reconstructed images on digital tape.
Display and analysis of reconstructed image data. The
image data can be displayed and analyzed in several different
ways (8). Measurements of dimensions (such as vessel di-
ameters) are made from images of oblique slices that are
oriented at right angles to the length of the vessel segment.
Similarly, measurements of brightness (for example, as an
index of concentration of roentgen contrast agent in a voxel)
also require appropriately oriented and located section im-
ages (Fig. 3). However, to find the location and appropriate
orientation of these oblique slices, the entire volume image
must be scrutinized. This can be done in several ways.
Viewing the original set of images of transverse sections
through space or time. or both. This method has been found
useful for finding the appropriate time point for analysis
(for example, to find the optimal opacification of the pul-
monary arteries or levophase opacification of the left ven-
tricles). However, this method is of less utility for finding
a region of interest within the volume image.
Projection dissolution method. To facilitate this detec-
tion process, we have found the projection dissolution method
to be of particular help. In this method of display, the voxels
are summed along the lines of sight of an observer, in a
manner quite analogous to the X-ray beams eminating from
a focal spot, so that a two-dimensional image is generated.
This process provides the ability to remove, en bloc, su-
perposed structures (such as the chest wall) and to dissolve
selectively specific tissues (such as myocardium) before nu-
merically projecting the vascular structure of interest (Fig.
4). This projection can be generated from all angles of view
under operator control.
Figure 3. Cross-sectional images from a 9 year old girl with
pulmonary atresia. To facilitate computation of an appropriate
oblique slice (for example, orthogonal to the right pulmonary ar-
tery), a computer program displays the intersection (white lines
on upper panels) of the oblique plane with sagittal, coronal and
transverse planes of the volume scanned. The selected oblique
section (lower panel) can be used for quantitative purposes such
as measurement of vessel cross-sectional area (brightness area
product). Section images are 1.58 mm thick; the scan aperture is
0.123 second.
ORIENTATION SECTIONS
OBLIQUE SECTION
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Figure 4. Computer-generated numerical projection image of the
entire reconstructed volume of the chest of a 10 year old boy with
congenital pulmonary valve atresia. Left upper panel shows the
numerical projection of the entire chest at a selected point in time
during injection of 1.5 ml/kg of Renografin into the right ventric-
ular outflow conduit. In the right upper panel, the rib cage, heart
and diaphragm have been removed from the volume by means of
thresholding techniques before calculation of the numerical pro-
jection, thus facilitating visualization of pulmonary arteries and
lung parenchyma. In the left lower panel, threshold levels were
again altered to remove lung parenchyma. The right lower panel
shows projection image of the data in the lower left panel from
a caudad-cephalad (foot-head) view. Scan aperture is 0.55 second.
A-P = anteroposterior.
Shaded surface display. Another type of display used is
the shaded surface display (9-11). This method requires the
operator to select an image brightness value (usually of the
roentgen contrast agent in the blood) so that the computer
program can search out all the connected voxels that have
the same brightness value. The surface of this detected ac-
cumulation of interconnected voxels is then displayed as
though a light were shining on it from a certain angle. This
LEFT HEART CHAMBERS
(from 2Bcc Renografin
Injected into Pulmonary Conduit)
RIGHT HEART CHAMBERS
(from 2B cc Renografin
Injected into SVC)
ALL CHAMBERS
EQUAL OPA CI TY
ALL CHAMBERS
RIGHT HEART TRANSPARENT
Figure 5. Shaded surface display of three-dimensional
cardiac anatomy. Left upper panel is a computer-
generated surface display detected from volume re-
construction of right heart chambers at end-diastole
from injection of contrast medium into the superior
vena cava (SVC) of a 10 year old boy with pulmonary
atresia. Right upper panel is a surface display of left
heart chambers at end-diastole from injection of con-
trast media into the right ventricular outflow conduit.
The right- and left-sided chambers are added together
in the lower left panel. In the lower right panel, the
right heart chambers are made transparent so that the
left ventricle may be seen in its relation to the right
ventricle. Scan aperture is 0.123 second.
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method is particularly useful for viewing the complex shape
of cardiac chambers (Fig. 5) and has been shown to yield
volume measurements accurate to within 5% (10).
Results
Accuracy of measurements of cardiovascular anatomy.
Using data from a 10 year old boy who had had a first
stage repair of congenital pulmonary atresia, we can com-
pare the anatomy of the main pulmonary arteries as obtained
by' conventional angiography and Dynamic Spatial Recon-
structor images (Fig. 6). Even though the cineangiograms
and Dynamic Spatial Reconstructor angiograms were per-
formed at different times, the Dynamic Spatial Reconstruc-
tor image data can be manipulated to provide angles of view
that closely match the cineangiographic views. The pul-
monary vessel diameters and cross-sectional areas can be
measured for vessels smaller than the strict full width half-
maximal resolution criterion. This is achieved with the
brightness area product method (12). The accuracy of the
Dynamic Spatial Reconstructor data is indicated by the close
Figure 6. Pulmonary artery tree of a 10 year old boy with pul-
monary atresia. Left panels, anteroposterior (upper) and lateral
(lower) views of the conventional angiogram performed several
hours before the Dynamic Spatial Reconstructor (DSR) scan. Right
upper panel, Anteroposterior view numerical projection image
(with partial dissolution of the chest wall); right lower panel,
lateral view computed from the Dynamic Spatial Reconstructor-
originated, reconstructed volume images. The close correspon-
dence of the left and right panels indicates the accuracy of the
Dynamic Spatial Reconstructor-derived data and suggests the pow-
erful capability of computing any view desired from a single scan.
correspondence between the cross-sectional vessel diameter
measured in the Dynamic Spatial Reconstructor images at
right angles to the vessel lumen at 2 mm intervals and the
projected vessel diameter in the cineangiogram (Fig. 7).
The measurements in Figure 7 can also be made from
the venous injection Dynamic Spatial Reconstructor scan.
We are confident that ventricular anatomy can be accurately
measured based on experience in experimental animals. For
instance, Iwasaki et al. (13) showed that myocardial volume
can be estimated within 5% of the value determined at
postmortem examination. Function can also be measured
using this same Dynamic Spatial Reconstructor angiogram
(for example, the detection of the source of blood supply
to the various regions of the lungs). This can be evaluated
by viewing the image of a selected slice through time and
noting the appearance time of the contrast agent in the re-
gions (Fig. 8). This is a time-consuming task because it
involves looking at several seconds (with approximately 15
points per second) of data for each of 50 to 100 section
images over the full anatomic extent of the lung.
Single volume image. Another method under investi-
gation to achieve this goal is to generate a single volume
image in which the brightness of each voxel is calculated
as follows:
I
L b(i) . i
B = :....i-~rIl_-
L b(i)
i = I
where b(i) is the brightness of a voxel in volume image (i)
when there are I (for example, 10 to 100) time points in the
sequence. The brightness in the new image is proportional
to the transit time of the bolus of contrast agent. If the entire
lung field has the same brightness in all slices throughout
the lung, the regions are all perfused from the same source.
If there is a region that is brighter than the rest of the lung
field, this means that the blood supply there is delayed
relative to the rest of the lung and, hence, is most likely
from the systemic arterial circulation. Because we have the
three-dimensional information, it is possible to compute the
volume of lung perfused by the aberrant blood supply. The
accuracy of these volume measurements are probably cor-
rect to within 3% of the actual values (11).
Cine angiogram Projection- Dissolution of
DSR Angiogram
Discussion
The data presented in this report support the contention
that the Dynamic Spatial Reconstructor has several advan-
tages over conventional angiographic methods. These are:
1) reduced invasion because of:
a) fewer injections of contrast agent since fewer angiograms
are required for equivalent diagnostic information;
b) reduced radiation exposure as a result of the need for
fewer angiograms, and
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Figure 7. Cross-sectional diameter of the main pulmonary vessels
and conduit measured by conventional angiogram (triangles) and
the Dynamic Spatial Reconstructor (circles) from a 10 year old
boy with pulmonary atresia. DSR data are generated for direct
injection into the pulmonary conduit. and the diameters are cal-
culated from cross-sectional area measurements made using the
brightness area product method. The conventional angiographic
data are measured from projection images. Note the close wrre-
spondence between the methods.
c) decreased need for selective injections;
2) reduced incidence of false negative results because:
a) all angles of view are always available from one angio-
gram, and
b) elimination of superposition of anatomic structures within
images;
3) increased accuracy of measurements of structure and
function because of:
a) tomographic image data characteristics (that is, no am-
biguity and no superposition), and
b) simultaneous information about structure and function is
provided from one angiogram.
Figure 8. Images for a single, thin coronal section (selected from
a time sequence of reconstructed volume images) are displayed at
O. 133 second intervals spanning the Dynamic Spatial Reconstruc-
tor pulmonary arteriogram of a 9 year old girl. The passage of a
bolus of contrast medium can be followed from injection into the
right ventricular outflow tract, out through the pulmonary arteries
through the lung field and then returning to the left heart chambers.
A wedge in the right middle lung field is not well perfused from
the pulmonary passage, indicating possible systemic perfusion.
This approach involves scrutinizing many images. (Reprinted from
Sinak LJ, et al. [14J with permission.)
IMAGES SELECTED at 0./33 SECOND INTERVALS
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We have not performed scanning in an adequate number
of patients to accurately establish the specificity and sen-
sitivity of the Dynamic Spatial Reconstructor image data.
However, on the basis of our preliminary experience, it
appears likely that the technique has a low false negative
rate and a high true negative rate of detection because of
the elimination of superposition and the many angles of
view available from any single scan. Consequently, it ap-
pears likely that per unit X-ray exposure, the sensitivity and
specificity of the Dynamic Spatial Reconstructor data are
higher than for conventional angiographic methods because
we have no reason to believe that the true positive and false
positive rates of detection are not comparable.
Another practical advantage of the Dynamic Spatial Re-
constructor is the briefness of the scanning procedure. Also,
positioning of the patient is not critical because the desired
angle of view can always be calculated retrospectively, which
is an important capability for comparing sequential scans
and for comparing Dynamic Spatial Reconstructor data with
data from conventional angiographic images.
Cost and technical complexity of the Dynamic Spatial
Reconstructor system. These are potential problems. Based
on the cost of the current prototype Dynamic Spatial Re-
constructor, plus the cost of additional computational re-
sources to increase data throughput capacity, we estimate
that duplication of the system would cost $3.6 million in
1984, with an annual operation cost (maintenance, person-
nel, replacement of X-ray tubes and so on) of $750,000 per
year. Clearly, a large number of patients would need to be
studied if this cost is to be shared. We estimate that this
expense would result in a user fee of $480 to each patient
if 10 patients were studied per day and the machine am-
ortized over 5 years.
Our experience with the current Dynamic Spatial Re-
constructor combined with some mathematical simulations
of a second generation Dynamic Spatial Reconstructor using
available state of the art image chain components suggest
that the spatial resolution would be adequate to evaluate
almost all anatomic structures with I mm resolution using
only a single bolus injection of contrast medium into the
vena cava.
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